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TITLE OF THE INVENTION 

PRODUCTION OF MICROMECHANICAL SYSTEMS (MEMS) 

USING THE HIGH TEMPERATURE SILICON FUSION BONDING OF WAFERS 



[[...]] BACKGROUND OF THE INVENTION 

10 The invention relates to a method for manufacturing MEMS devices, in which the 
sensor and the electronics for processing the sensor signal are monolithically 
integrated. 

[[...]] BRIEF SUMMARY OF THE INVENTION 

15 

MEMS devices have been manufactured for years on the basis of silicon 
technologies. Initially, sensor elements have been denoted as MEMS devices, 
which are composed of a micromechanical portion and a microelectronic portion. 
The production methods may be divided into two categories according to their 

20 micromechanical configuration. On the one hand, a silicon wafer is processed in 
its total vertical dimension, i.e., it is processed into its depth direction to 
manufacture structures for the detection of mechanical entities, such as pressure 
and acceleration (bulk micromachining technologies). On the other hand, such 
structures are only created at the surface of the silicon wafer (surface 

25 micromachining technologies). 

The method according to the present invention represents a combination of both 
types of technologies. 

30 [[...]] 

While initially the sensors for the detection of mechanical parameters and the 
signal processing electronics (for instance, digital integrated circuits) have been 
provided as separate entities, the advance in technology calls for the monolithic 
35 integration of both components. The integration of micromechanical sensors and 
electronic circuits in a single chip is demanding with respect to the manufacturing 
technology, since the manufacturing processes for the sensors are frequently not 
compatible with the highly integrated CMOS technologies having feature sizes of £ 
1 p. A compromise with respect to achievable performance characteristics 
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(sensitivity, precision, measurement range), integration (feature sizes), reliability 
and manufacturing cost is necessary. 

The specific methodology known for the part of the micromechanical sensors of 
5 MEMS devices comprises the patterning of a cavity body, frequently a cavity 
wafer, by well-established semiconductor process steps, such as oxidation, 
photolithography, and wet chemical etch processes. In this way, recesses or 
depressions are etched into the silicon, which are formed into cavities by covering 
the same in a later manufacturing stage, wherein the silicon membrane or any 
10 other sensor elements that are moveable upon mechanical stress are located 
above the cavities. After the patterning of the cavity body, it is non-separably 
bonded to a top cap wafer by means of a wafer bond technique with that side that 
has formed therein the recesses, so that cavities are formed around the recesses. 
Thereafter, the wafer stack formed in this manner is processed by silicon grinding 
15 and polishing processes, as are well-established in semiconductor processing, 
thereby significantly thinning the top cap wafer. 

DE-A 199 27 970 and DE-A 1 99 27 971 disclose an intermediate layer deposited 
on one of the two semiconductor wafers for the formation of cavities. Recesses 

20 (depressions) are then formed in the intermediate layer. By means of the 

intermediate layer, the semiconductor wafer is bonded to a second semiconductor 
wafer. Thereafter, one of the two semiconductor wafers is thinned to a thickness 
corresponding to the thickness of the membrane, thereby forming a membrane 
above the cavity. Since in these instances, the electronic structure is formed in 

25 the homogeneously doped wafer material, and since the wafers are connected by 
means of an intermediate layer formed on one of the semiconductor wafers, 
apparently the process does not represent a high temperature fusion bond 
process. Moreover, since the formation of pressure sensors is described, it may 
be assumed that CMOS specific methods for high integration densities, high 

30 values for reliability and production yield, may not be advantageously used. Any 
defects that may be present in the homogeneous wafer material (Czochralski 
silicon) may prevent, for instance, the formation of gate oxides having a high 
quality. 

35 On the other hand, from US-A 5 295 395, it is known in the context of the 
description of the formation of membrane pressure sensors to use a first 
semiconductor wafer having an epitaxial layer of inverse doping, by means of 
which the semiconductor wafer is connected to a second semiconductor wafer by 



2 
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fusion bonding, with a subsequent thinning of the first semiconductor wafer down 
to the epitaxial layer in such a manner that the membrane is formed by the 
epitaxial layer. Any hint with respect to a subsequent formation of any signal 
processing electronic circuitry on the surface of the epitaxial layer is not given. 
5 Rather, one may learn from the patent document that after the wafer bonding, no 
further high temperature step is appropriate, since a fill material is required in the 
recesses to avoid the deformation of wafer portions of the cap wafer above the 
recesses during the wafer bond process, wherein the fill material is removed in a 
later stage. 

10 

[[.-.]] 

In the known publications, there is no hint that the electronic part of the sensors 
and the signal processing electronics in the form of highly integrated circuitries 
15 may be monolithically integrally formed on the basis of the same manufacturing 
technique. 

This obj e ct is so l v e d by th e process st e ps d e scrib e d i n claims 1 or 10. Furth e r 
e mbodiments of th e pr e s e nt i nv e nt i on a r e d e scrib e d in th e d e p e nd e nt c l a i ms. Th e 
20 r e su l t of th e m e thod of th e s e nsor i s d e scrib e d i n claim 20. 

Th e r e quir e m e nts for th e app li cat i on of a CMOS t e chnology m a y b e fu l f il l e d by 
prov i ding th e sp e c i ficat i ons of the waf e r mat e r i al of th e cap waf e r and, in 
part i cu l ar, th a t of the e p i tax i a l lay e r (dopant, sh ee t r e s i st a nc e , d e f e ct structur e ) 
25 form e d on th e waf e r, wh e r ei n th e e p i tax i a l l ay e r may sp e cifica ll y hav e th e 

th i ckn e ss of th e d e s i r e d m e mbran e , as w e l l as by us i ng h i gh t e mp e ratur e fusion 
bond i ng t e chn i qu e s for bond i ng two s e miconductor w a f e rs. 

I t is w i th i n th e 6 cop e of th e pr e s e nt i nvention that ele ctronic structur e s may b e 
30 i ncorporat e d i nto th e e pitaxial lay e r of th e cap waf e r ev e n prior to th e wafor 

bond i ng proc e ss (c l a i m 2), wh e r ei n th e e le ctronic structur e s ar e configur e d i n such 
a way that th e y may not s i gnif i cant l y be a l ter e d by th e s ubs e qu e nt h i gh 
t e mp e ratur e tr e atm e nt, or th e ele ctron i c structure may b e compl e ted th e reby, thu s 
contr i buting to a dens i ficat i on of th e ele ctronic structures or/and contributing to a 
35 p e rformanc e improv e m e nt. 

[[...]] 
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Th e pr ese nt inv e nt i on w ill b e e xpla i ned and comp le t e d on th e bas i s of e x e mplary 
e mbodim e nts, wh e r ei n it shou l d b e appr e ciat e d that th e fo ll ow i ng d es cr i pt i on i s to 
b e consid e r e d as r el ating to th e pr e f e rr e d e mbod i m e nt s of th e i nv e ntion. 

BRIEF SUMMARY OF THE DRAWINGS 

Figure 1 is an example of a wafer composite formed by a bulk wafer 2 and an EPI- 
wafer 1 , which are connected by means of a high temperature silicon fusion 
bonding technique so as to form a wafer composite. 

Figure 2 is an example of an absolute pressure sensor using the wafer composite 
of fFigure 1 . 

[[...]] DETAILED DESCRIPTION OF THE INVENTION 

MEMS devices have been manufactured for years on the basis of silicon 
technologies. Initially, sensor elements have been denoted as MEMS devices, 
which are composed of a micromechanical portion and a microelectronic portion. 
The production methods may be divided into two categories according to their 
micromechanical configuration. On the one hand, a silicon wafer is processed in 
its total vertical dimension, i.e., it is processed into its depth direction to 
manufacture structures for the detection of mechanical entities, such as pressure 
and acceleration (bulk micromachining technologies). On the other hand, such 
structures are only created at the surface of the silicon wafer (surface 
micromachining technologies). The method according to the present invention 
represents a combination of both types of technologies. 

While initially the sensors for the detection of mechanical parameters and the 
signal processing electronics (for instance, digital integrated circuits) have been 
provided as separate entities, the advance in technology calls for the monolithic 
integration of both components. The integration of micromechanical sensors and 
electronic circuits in a single chip is demanding with respect to the manufacturing 
technology, since the manufacturing processes for the sensors are freguentlv not 
compatible with the highly integrated CMOS technologies having feature sizes of £ 
1 u. A compromise with respect to achievable performance characteristics 
(sensitivity, precision, measurement range), integration (feature sizes), reliability 
and manufacturing cost is necessary. 



The specific methodology known for the part of the micromechanical sensors of 
MEMS devices comprises the patterning of a cavity body, freguentlv a cavity 
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wafer, by well-established semiconductor process steps, such as oxidation, 
photolithography, and wet chemical etch processes. In this way, recesses or 
depressions are etched into the silicon, which are formed into cavities by covering 
the same in a later manufacturing stage, wherein the silicon membrane or any 

5 other sensor elements that are moveable upon mechanical stress are located 
above the cavities. After the patterning of the cavity body, it is non-separablv 
bonded to a top cap wafer by means of a wafer bond technique with that side that 
has formed therein the recesses, so that cavities are formed around the recesses. 
Thereafter, the wafer stack formed in this manner is processed by silicon grinding 

10 and polishing processes, as are well-established in semiconductor processing, 
thereby significantly thinning the top cap wafer. 

DE-A 199 27 970 and DE-A 199 27 971 disclose an intermediate layer deposited 
on one of the two semiconductor wafers for the formation of cavities. Recesses 

15 (depressions) are then formed in the intermediate layer. By means of the 

intermediate layer, the semiconductor wafer is bonded to a second semiconductor 
wafer. Thereafter, one of the two semiconductor wafers is thinned to a thickness 
corresponding to the thickness of the membrane, thereby forming a membrane 
above the cavity. Since in these instances, the electronic structure is formed in 

20 the homogeneously doped wafer material, and since the wafers are connected by 
means of an intermediate layer formed on one of the semiconductor wafers, 
apparently the process does not represent a high temperature fusion bond 
process. Moreover, since the formation of pressure sensors is described, it may 
be assumed that CMOS specific methods for high integration densities, high 

25 values for reliability and production yield, may not be advantageously used. Any 
defects that may be present in the homogeneous wafer material (Czochralski 
silicon) may prevent, for instance, the formation of gate oxides having a high 
guality. 

30 On the other hand, from US-A 5 295 395, it is known in the context of the 
description of the formation of membrane pressure sensors to use a first 
semiconductor wafer having an epitaxial layer of inverse doping, by means of 
which the semiconductor wafer is connected to a second semiconductor wafer by 
fusion bonding, with a subseguent thinning of the first semiconductor wafer down 

35 to the epitaxial layer in such a manner that the membrane is formed by the 
epitaxial layer. Any hint with respect to a subseguent formation of any signal 
processing electronic circuitry on the surface of the epitaxial layer is not given. 
Rather, one may learn from the patent document that after the wafer bonding, no 
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further high temperature step is appropriate, since a fill material is required in the 
recesses to avoid the deformation of wafer portions of the cap wafer above the 
recesses during the wafer bond process, wherein the fill material is removed in a 
later stage. 

In the known publications, there is no hint that the electronic part of the sensors 
and the signal processing electronics in the form of highly integrated circuitries 
may be monolithicallv integrally formed on the basis of the same manufacturing 
technigue. 

It is the object of the present invention to increase the sensitivity and the reliability, 
as well as to decrease the production costs and application costs, of MEMS 
devices having integrated evaluation electronics. Moreover, an improvement of 
the production method should be accomplished, so that the sensor-specific portion 
and the portion of the evaluation electronics of the MEMS device, which is based 
on CMOS technology, may be manufactured monolithicallv in a common 
technology. 

The reguirements for the application of a CMOS technology may be fulfilled by 
providing the specifications of the wafer material of the cap wafer and, in 
particular, that of the epitaxial layer (dopant, sheet resistance, defect structure) 
formed on the wafer, wherein the epitaxial layer may specifically have the 
thickness of the desired membrane, as well as by using high temperature fusion 
bonding technigues for bonding two semiconductor wafers. 

It is within the scope of the present invention that electronic structures may be 
incorporated into the epitaxial layer of the cap wafer even prior to the wafer 
bonding process, wherein the electronic structures are configured in such a way 
that they may not significantly be altered by the subseguent high temperature 
treatment, or the electronic structure may be completed thereby, thus contributing 
to a densification of the electronic structures or/and contributing to a performance 
improvement. 

Examples 

The subject matter of this invention is now described with reference to the 
following Examples. These Examples are provided for the purpose of illustration 
only, and the subject matter is not limited to these Examples, but rather 
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encompasses all variations which are evident as a result of the teaching provided 
herein. 

Example 1 

Figure 1 shows the bonding of two semiconductor wafers, in the present 
5 case, silicon wafers, which are not configured in the same way. They serve the 
purpose for manufacturing microelectromechanical sensors, wherein the sensors 
and the signal processing electronics are monolithically integrally formed. 
The first wafer 2 is configured as a silicon wafer. The wafer has formed therein a 
cavity 2a. Also, a plurality of cavities may be provided, wherein for illustrative 
10 purposes, a single cavity is illustrated in a magnified manner as a part of a larger 
wafer. The EPI-wafer carries a substrate formed from silicon and an epitaxal 
layer, which is denoted as 3. These two wafers 1 and 2 are firmly connected by 
high temperature fusion bonding via the epitaxial layer 3, i.e., its surface. The 
recess or cavity 2a is covered and forms a closed cavity. 

15 

The wafer composite consisting of both wafers is shown in figure 2 in a further 
advanced manufacturing stage. The wafer composite has been thinned or 
reduced from the second wafer 1 down to the epitaxial layer 3. The residual 3a 
(residual thickness) of the remaining epitaxial layer 3 may be seen from Figure 2 
20 and covers the cavity 2a, thereby forming a cavity 2a (closed or sealed cavity). 

The thinning or material reduction is performed to a thickness that corresponds to 
a thickness of the membrane so as to pick up measurement signals by mechanical 
deformation of this membrane. The thickness of the remaining membrane 3a 

25 corresponds to the micromechanical portion of a sensor 5, which in fFigure 2 is 
schematically illustrated as a pressure sensor. The pressure sensors 5 are 
located above the cavity 2a (i.e., they are registered with respect to the cavity). 
The thinning may be performed to obtain any other different thickness 
corresponding to a thickness of any other portion of the semiconductor wafer 

30 responding to a mechanical stress, wherein such a portion is not shown. 

Subsequently, a polishing step is performed, which is not explicitly shown. 
After the polishing process, an electronic sensor structure 4 registered with 
respect to the cavity is formed on the polished surface in a common process along 
35 with one or more analogous and/or one or more digital circuitries by means of an 
appropriate technology process, in the example shown, a CMOS technology, in 
order to form the entire SOS wafer 6, which may be considered as a wafer stack. 
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The sensors 5 are located in the remaining EPI-layer 3a. The circuit elements 4 
are located on the remaining EPI-layer and exhibit normal electrical 
characteristics. 

The method results in a reliable overall process having a high yield, which is 
appropriate for mass production. 

The incorporation of structures of electronic circuitries in the epitaxial layer may 
also be performed prior to the bonding process of the wafers (prior to the bonding) 
according to fFigure 1 (not explicitly illustrated). 

The EPI-layer 3 may then have incorporated therein structures of the electronic 
circuitries on that side that faces the cavity 2a for forming the closed cavity after 
the connection (also not explicitly shown). The electronic structures on the side 
facing the cavity 2a may, at least after the bonding of the wafers, extend to the 
polished side (i.e., the surface) and, thus, may, for instance, form electrically 
conductive channels, which are not explicitly shown. 

On the side facing the cavity 2a shall mean that the corresponding electronic 
structures are formed at least partially in the layer, i.e., in the membrane 3a or at 
least extend thereto. 

The side facing the cavity 2a has, due to said electronic structures, at least one 
sensor which is not shown, and which is appropriate for the analysis of a medium 
located adjacent to a membrane 3a in the cavity 2a. 

The general methodology, which is referred to with respect to the formation of the 
electronic sensor structures 4, may not be explicitly described, since these 
processes are generally known as CMOS technology methods. 

A method is described for forming a microelectromechanical system (MEMS), 
which comprises the monolithical integration of the sensor and the sensor signal 
processing electronics on the basis of CMOS technologies. By bonding of a 
semiconductor wafer (2) having a recess with a wafer having formed thereon an 
epitaxial layer by means of a high temperature fusion bonding technique via the 
epitaxial layer (3) so as to form a double wafer, and by a subsequent reduction of 
the double wafer followed by a polishing process, until the epitaxial layer is 
exposed, thereby creating a membrane (3a), the prerequisites are given so as to 
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realize the electronic portion {4) of the sensor (5) and the signal processing 
electronics by means of CMOS technology methods. 
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ABSTRACT OF THE INVENTION 
The invention relates to a method for manufacturing MEMS devices, in which the 
sensor and the electronics for processing the sensor signal are monolithically 
5 integrated. 
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